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The focus of this review is on PNNsǣ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PNNs are unevenly distributed throughout the brain and spinal cord (Seeger et al.,  ? ?
1994).at different rates across the brain and spinal  ? ? ?
cord (Bruckner et al., 2000; Bruckner and Grosche, 2001)ǡ ? ? ? (Pizzorusso et al., 2002)ǡwith differences in  ? ? ?
developmental rates among cortical subregions  (Sorg laboratory, unpublished  ? ? ?
observations). Neural activity promotes PNN development, which occurs at least  ? ? ?
partly through changes in potassium and calcium conductance, and through  ? ? ?
activation of glutamate receptors (N-methyl-D-aspartate receptors and calcium- ? ? ?
permeable AMPA receptors) (Kalb and Hockfield, 1990; Bruckner and Grosche,  ? ? ?
2001; Dityatev et al., 2007). ? ? ?  ? ? ? 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ǤPNNs have  ? ? ?
been heavily studied for their contributions to critical period plasticity within the  ? ? ?
visual system, motor system, and somatosensory system (Pizzorusso et al., 2002;  ? ? ?
Barritt et al., 2006; Massey et al., 2006). limit  ? ? ?
plasticityreinstateǦ ? ? ? 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Composition and Function of PNNs  ? ? ?
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Ǥǡ ? ? ? ?ȌǤ(3)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ȋǤǡ ? ? ? ?ǢǤǡ ? ? ?  ? ? ? ?ǢǤǡ ? ? ? ?ǢǤǡ ? ? ? ?ȌǤLink proteinsare found in PNNs but not in  ? ? ?
the loose ECM (Fawcett, 2009)Ǥ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ȋǤǡ ? ? ? ?ǢǤǡ ? ? ? ?ǢǤǡ ? ? ? ?Ȍȋ ? ? ? 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present in the loose ECM by using extraction procedures (Deepa et al., 2006). The  ? ? ?
composition of PNNs varies across brain regions and spinal cord (Matthews et al.,  ? ? ?
2002; Vitellaro-Zuccarello et al., 2007) and their appearance is different; for  ? ? ?
example, in some brain regions, PNNs appear as distinct structures that are separate  ? ? ?
from the loose ECM, whereas in the ventral spinal cord, they are denser with higher  ? ? ?
intensity labeling of PNNs and the surrounding neuropil (Vitellaro-Zuccarello et al.,  ? ? ?
2007). Heterogeneity in PNNs and the cell types surrounded by PNNs exists within a  ? ? ?
single region. For example, in the spinal cord, certain subregions have high levels of  ? ? ?
CSPGs in PNNs and the presence of the Kv3.1b subunit of the potassium channel,  ? ? ?
which confers the fast-firing properties in neurons (see paragraph below), whereas  ? ? ?
other neurons in the spinal cord have low levels of CSPGs in their PNNs and low  ? ? ?
levels of the Kv3.1b subunit (Vitellaro-Zuccarello et al., 2007).  ? ? ?  ? ? ?
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(Wegner et al., 2003; Meszar et al., 2012; Horii-Hayashi et al., 2015; Vazquez- ? ? ?
Sanroman et al., 2015a; Yamada et al., 2015), which can be both parvalbumin  ? ? ?
positive or negative (Meszar et al., 2012; Horii-Hayashi et al., 2015).
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Role of PNNs in Addiction Models  ? ? ?  ? ? ? Ǧ ? ? ? ȋ ? ? ? ǡ ? ? ? ?Ǣǡ ? ? ? ?ǢǤǡ ? ? ? ?ȌǤ Cocaine-induced  ? ? ?
neuroplasticity of the ECM has been reported in both cocaine-dependent humans  ? ? ?
(Mash et al., 2007) and rodent models of cocaine addiction (Van den Oever et al.,  ? ? ?
2010a; Smith et al., 2014) [for review, see (Lubbers et al., 2014; Smith et al., 2015).  ? ? ?
Relatively few studies have characterized the expression of PNNs in brain regions  ? ? ?
implicated in addiction: the striatum, ventral pallidum, amygdala, prefrontal cortex  ? ? ?
(PFC), hippocampus, hypothalamus, and cerebellum (Härtig et al., 1992; Seeger et al.,  ? ? ?
1994; Bertolotto et al., 1996; Hobohm et al., 1998).  ? ? ?
  ? ? ?
The striatum, including the nucleus accumbens, caudate nucleus, and putamen is  ? ? ?
heavily implicated in reward and motivated behaviors. Low levels of sporadic PNN  ? ? ?
staining have been reported in all three regions of the striatum in the rat (Seeger et  ? ? ?
al., 1994; Bertolotto et al., 1996); in contrast, in the mouse, significant and functional  ? ? ?
PNN expression has been reported throughout the striatum (Lee et al., 2012).  The  ? ? ?
ventral pallidum is essential for the integrative component of the limbic system  ? ? ?
contributing to motivated behavior and drug seeking (Kalivas and Volkow, 2005a;  ? ? ?
Smith et al., 2009; Mahler et al., 2014). This region exhibits robust PNN expression  ? ? ?
(Seeger et al., 1994), making it a promising brain region with regard to the role of  ? ? ?
PNNs in motivated behavior, but to date, it has not been studied in this context.  ? ? ?
  ? ?
 ? ? ?  ? ? ? ȏǡȋǤǡ ? ? ? ?ȌȐǡǡ ? ? ? 	ȋǢȌǡȋǢȌǤ ? ? ?  ? ? ?
The amygdala is well situated between the PFC and the ventral striatum to provide  ? ? ?
key neurocircuitry mediating both stress- and cue-induced reinstatement of drug- ? ? ?
seeking behavior (Cardinal et al., 2002; Kalivas and Volkow, 2005a). Studies on PNN  ? ? ?
expression differ between species within the amygdala. Early studies examining the  ? ? ?
amygdala of the rodent reported relatively low PNN expression (Seeger et al., 1994;  ? ? ?
Bertolotto et al., 1996); however, a study examining the BLA of humans reported  ? ? ?
significant PNN expression (Pantazopoulos et al., 2008).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decreases) are likely to depend on the particular drug, the extent of drug exposure,  ? ? ?
and withdrawal time from the drug, the functional outcome of these dynamic  ? ? ?
changes has yet to been tested.Although the contribution of PNNs to both drug- ? ? ?
induced neuroplasticity and behavior is in its infancy, increased PNN staining  ? ? ?
intensity found after repeated exposure to cocaine suggests that these neurons may  ? ? ?
be less malleable to plasticity induced by naturally rewarding stimuli.  ? ? ? pattern of changes in PNNs after exposure to drugs of abuse supports  ? ? ?
the concept that these structures regulate plasticity and likely firing patterns of their  ? ? ?
underlying neurons, 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 ? ? ? ǤOverall, decreases in PNN intensity may be associated with increased  ? ? ?
inhibitory input to their underlying neurons, while increases in PNN intensity may  ? ? ?
be associated with increased excitatory input to these neurons. Increased excitatory  ? ? ?
input might be expected to promote PNN formation, given that one proposed  ? ? ?
function of PNNs is to provide a highly anionic environment to maintain ion  ? ? ?
buffering capacity around their typically highly active cells (Bruckner et al., 1993;  ? ? ?
Hartig et al., 1999). PNN formation may therefore limit firing to protect neurons from  ? ? ?
oxidative stress, and as a consequence, reduce plasticity in response to  ? ? ?
environmental stimuli-induced plasticity by binding of PNNs to chemorepellant  ? ? ?
molecules such as semaphorin 3A. This limitation of firing by PNNs is in accordance  ? ? ?
with reports that removal of PNNs with Ch-ABC renders their underlying neurons  ? ? ?
more active (Dityatev et al., 2007) and produces greater high-frequency (beta and  ? ? ?
gamma) oscillations (Steullet et al., 2014) (Sorg laboratory, unpublished  ? ? ?
observations).  ? ? ?
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However, many questions remain, including the functional significance of changes in  ? ? ?
staining intensity of PNNs and how PNN removal is capable of both enhancing  ? ? ?
plasticity to imposed environmental stimuli, such as repetitive motor movements  ? ? ?
  ? ?
after spinal cord damage but paradoxically attenuating the learning/memory  ? ? ?
associated with other environmental manipulations, such as fear conditioning and  ? ? ?
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Figure 1. Limitation of plasticity by PNNs via three mechanisms and reinstatement of  ? ? ?
plasticity by treatment with Ch-ABC.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